Opto-thermionic refrigeration is an environment-friendly method. To improve the opto-thermionic refrigeration efficiency, a system with a perovskite oxide multilayer of p-BaTiO 3 /BaTiO 3 /SrTiO 3 /BaTiO 3 /n-BaTiO 3 is proposed based on the model of opto-thermionic refrigeration. Because the Auger coefficient of SrTiO 3 is two orders smaller than that of GaAs, the calculated refrigeration power of the p-BaTiO 3 /BaTiO 3 /SrTiO 3 /BaTiO 3 /n-BaTiO 3 system is much higher than that of the p-AlGaAs/AlGaAs/GaAs/AlGaAs/n-AlGaAs system. A refrigeration power of as high as 39 W cm −2 is obtained numerically in the p-BaTiO 3 /BaTiO 3 /SrTiO 3 /BaTiO 3 /n-BaTiO 3 system, which suggests a potential application of the oxide structures in opto-thermionic refrigeration.
Introduction
In 2001, opto-thermionic refrigeration, which combines laser refrigeration with thermionic refrigeration, was proposed [1] .
This refrigeration creates no pollution and is noiseless.
This refrigeration method is environmentfriendly. A theoretical study of a traditional semiconductor p-AlGaAs/AlGaAs/GaAs/AlGaAs/n-AlGaAs opto-thermionic refrigeration system shows that the predicted refrigeration power is about several W cm −2 at 300 K [1] . Moreover, it has been found that a small Auger coefficient leads to a high opto-thermionic refrigeration efficiency [1, 2] . The Auger coefficients of traditional semiconductors are usually larger than 10 −31 cm 6 s −1 [3] . For example, the Auger coefficient of GaAs is about (7 ± 4) × 10 −30 cm 6 s −1 [4] . Such large Auger coefficients quite limit the opto-thermionic refrigeration efficiency of conventional semiconductor structures. For perovskite oxide strontium titanate (SrTiO 3 ), it has been found that the Auger coefficient is about (1.3 ± 0.4) × 10 −32 cm 6 s −1 [5] . This value is two orders of magnitude smaller than that of 1 Author to whom any correspondence should be addressed.
GaAs. Therefore, the opto-thermionic system, which consists of perovskite oxide SrTiO 3 , should have a much higher refrigeration efficiency. In addition, perovskite oxide heterostructures can be fabricated by laser molecular-beam epitaxy with atomically smooth interfaces [6] [7] [8] [9] [10] [11] . Therefore, it is possible to study opto-thermionic refrigeration systems based on perovskite oxide heterostructures.
Model
In this paper, perovskite oxide heterostructures are first introduced to the field of opto-thermionic refrigeration. We propose a system which consists of a p-doped BaTiO 3 (BTO), an undoped BTO spacer, an undoped SrTiO 3 (STO) well, an undoped BTO spacer and an n-doped BTO connected in series. The widths of p/n doped regions L p/n , spacers L spacer and the width of the well L well are 200 nm, 20 nm and 40 nm, respectively.
The opto-thermionic refrigeration process is simply explained as follows. When the voltage is applied to the whole system, hot electrons and holes are emitted into the well by the 0022-3727/09/125109+04$30.00 [5, 15] thermionic emission process. They can recombine radiatively to emit photons, which are the media to extract the heat Q rad from the system. The dissipate heat Q dissipate is generated by the radiative recombination and the Auger recombination processes. If Q rad is more than Q dissipate , the refrigeration is realized.
In order to obtain the refrigeration power of the system, the drift-diffusion model [2, 12, 13 ] is used to perform a self-consistent calculation. The Richardson current boundary condition [12] is applied to the interfaces between STO and BTO.
Under steady state, the fundamental equations used in the calculation are as follows:
where φ(x) is the electrostatic potential, n(x) and p(x) are the electron and hole densities, N acceptor and N donor are the acceptor and donor densities, q is the electron charge, ε is the dielectric permittivity, D n and D p are the electron and hole diffusion coefficients, µ n and µ p are the electron and hole mobilities and R(x) is the recombination rate, respectively. The three equations are solved by the finite difference discrete method. In the doped and undoped BTO regions of the p-BTO/BTO/STO/BTO/n-BTO system, the main recombination mechanism is the Shockley-Read-Hall recombination [12] . In the well region, the main recombination mechanisms are radiative recombination and nonradiative Auger recombination. The radiative recombination rate is [14] 
where B is the radiative recombination coefficient and n i is the intrinsic carrier density in the well. And the nonradiative Auger recombination rate is [3]
where C denotes the Auger coefficient. These two parameters are listed in table 1 for STO and GaAs. When voltage V bias is applied to the system, the dissipated heat is and the heat extracted by photons is
where E g-well is the band gap of STO. And the refrigeration power is written as
Results and discussion
The calculated band structure of p-BTO/BTO/STO/BTO/ n-BTO system with V bias = 2.0 V and N donor = N acceptor = 5.0 × 10 18 cm −3 is plotted in figure 1 . The refrigeration power Q refrig versus V bias is plotted in figure 2 for the p-BTO/BTO/STO/BTO/n-BTO system and the p-AlGaAs/AlGaAs/GaAs/AlGaAs/n-AlGaAs system with N donor = N acceptor = 5.0 × 10 18 cm −3 , respectively. It is shown that for both systems, Q refrig increases with V bias and then reaches a maximum value. With further increase in V bias , Q refrig decreases and then becomes negative when Q dissipate exceeds Q rad . The maximum refrigeration power Q refrig is 2 W cm −2 for the p-AlGaAs/AlGaAs/GaAs/AlGaAs/nAlGaAs system at V bias = 1.36 V and 31 W cm It is clearly seen that under the same conditions, refrigeration power of the p-BTO/BTO/STO/BTO/n-BTO system is much higher than that of the p-AlGaAs/AlGaAs/GaAs/AlGaAs/n-AlGaAs system as shown in figure 2 . The refrigeration power dependence on voltage is explained as follows. When V bias increases, the carrier densities in the well increase. From equations (4) and (5), it can be seen that the Auger recombination rate increases faster than the radiative recombination rate. Thus the refrigeration power increases with the increase in V bias and then decreases with further increase in V bias . Therefore, the opto-thermionic refrigeration dependence on V bias is the competition between the radiative recombination and the Auger recombination process.
Q refrig versus V bias at various doping densities is also calculated and the results are plotted in figure 3 . The donor density in the n-doped region is set to be equal to the acceptor density in the p-doped region for simplicity, that is N donor = N acceptor . The calculated results show that there exists a doping density of about N donor = N acceptor = 3.6 × 10 19 cm
with a maximum value of refrigeration power of 33 W cm −2 . This maximum value of refrigeration power is the result of the competition between the Auger recombination and the radiative recombination processes.
The optimal doping density dependence on the refrigeration power for p-BTO/BTO/STO/BTO/n-BTO is shown in figure 4 . It can be seen that the optimal doping density is 2.0×10 19 cm −3 and 1.0×10 18 cm −3 for the p-doped and n-doped regions, respectively. The maximum refrigeration power with the optimal doping density is 39 W cm −2 at V bias = 3.06 V. The cooling efficiency is defined as the ratio of the useful output energy to the input energy. For laser cooling in heavymetal-fluoride glass doped with trivalent ytterbium ions, the cooling efficiency is 2% [16] . For opto-thermionic cooling in the p-BTO/BTO/STO/BTO/n-BTO system at V bias = 3.06 V, the cooling efficiency, which is defined as the ratio of the net cooling power to the input power and written as η = P cool /P total = Q refrig /J V bias , is 2.1%.
Summary
In summary, the refrigeration power of the p-BTO/BTO/STO/ BTO/n-BTO system is obtained based on the analysis of the opto-thermionic refrigeration process. It is found that refrigeration power of the p-BTO/BTO/STO/BTO/n-BTO system is much higher than that of the p-AlGaAs/AlGaAs/GaAs/ AlGaAs/n-AlGaAs system under the same conditions. For a well width of 40 nm, the refrigeration power of 39 W cm −2 is theoretically obtained with the doping density of 2.0 × 10 19 cm −3 and 1.0 × 10 18 cm −3 for p and n regions, respectively. The results indicate that the perovskite oxide structures have potential for application in opto-thermionic refrigeration, and an experimental study on the proposed structure of p-BTO/BTO/STO/BTO/n-BTO is highly expected.
